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Abstract

Polymeric organic frameworks (POFs) are tunable and robust porous materials with
potential applications for gas capture, catalysis, and separations technologies. A se-
ries of new porous POFs have been synthesized from the reaction of phloroglucinol
or resorcinol derivatives with aryl aldehyde precursors. The monomers have var-
ious molecular shapes including linear, bent, trigonal, and tetrahedral geometries.
Depending on the size and geometric matching of the monomers, the polymers are
dominantly microporous with some mesoporous character or they are non-porous.
In addition to standard spectroscopic and surface characterization, the materials
were screened as adsorbents for carbon dioxide capture at low pressure (0-1 bar).
The best performing material (POF 1D) has a CO, capture capacity of 9.0 wt. %
(2.04 mmol g~!) at 298 K and 1 bar which is comparable to other polymeric organic
frameworks. Isosteric heats of adsorption for POF 1A, POF 2A, and POF 2B
were found to be dependent on the weight percent of CO, adsorbed: this suggests
there are both chemisorptive and physisorptive components of CO, capture by the
POFs.
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Porous HYDROXY-RICH POLYMERIC ORGANIC FRAMEWORKS 1

1 Introduction

ost effective capture of carbon dioxide from anthropogenic sources for utilization
C and storage requires the use of adsorbents that are as energetically efficient as
possible. Additionally, since the atmospheric levels of carbon dioxide have reached
and surpassed the 400 ppm level, devising even more efficient methods for direct air
capture (CHOI et al., 2011; Lu et al., 2013) and removing carbon dioxide from in-
dustrial flue gas (LEE AND PARK, 2015; Liu et al., 2012) before it ever enters the
atmosphere is of increasing relevance. The current technology for removing carbon
dioxide from coal fired or natural gas power plant exhaust is scrubbing with mo-
noethanolamine solutions. These amine solutions are corrosive, eventually degrade,
and require about 30 % of a power plant’s energy to regenerate the adsorbed carbon
dioxide and recycle the adsorbent liquid.

In the quest for alternative technologies to monoethanolamine scrubbers, re-
searchers have turned to porous materials as adsorbents for post-combustion carbon
capture. Some of the best reported porous materials for carbon dioxide capture in-
cludes a nitrogen-doped carbon monolith (MA et al., 2014) with CO, capacities of
8.99 mmol g~! at 273 K and 1 atm and, more relevantly, 1.51 mmol g~! at 298 K
and 0.15 atm. A microporous metal-organic framework (MOF) containing triazole
and pyridine functionalities has a CO, uptake capacity of 6.1 mmol g=! at 298 K and
1 bar (LASSIG et al., 2011). In the realm of porous materials as potential adsorbents
for COq capture, zeolites and MOF's have received the bulk of the attention because
of their high surface areas and well-established structures.

Recently, a growing amount of consideration has been given to polymeric organic
framework (POF) materials (BuDD et al., 2004; MCKEOWN AND BUDD, 2006; YUAN
et al., 2011). POFs are amorphous organic polymers that are insoluble in water and
common organic solvents. Some of the benefits of polymeric organic frameworks
over metal-organic frameworks and zeolites include stability under acidic and basic
conditions, heat, and atmospheric moisture, all of which are characteristics of in-
dustrial flue gas. Like crystalline MOFs and covalent-organic frameworks (COFs),
(DING AND WANG, 2013; FARHA et al., 2012) POFs have remarkable promise for
adsorption, catalysis, and separations applications because of the ease of synthesis,
accessible surface areas, chemical functionality, and structural integrity of these ma-
terials (GAO et al., 2014; KATSOULIDIS AND KANATZIDIS, 2011; KAUR et al., 2011;
L1 AND WANG, 2013).

Researchers strive to use rational design to predictively synthesize materials with
known porosities, (ZHANG et al., 2014a; ZOU et al., 2013) and some work has shown
the size and geometry of the monomers influences the surface area and porosity of
the final polymer (PEI et al., 2014; STOCKEL et al., 2009; YUAN et al., 2011). For
example, POFs with dendritic precursors (ZHANG et al., 2014b) have improved sur-
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2 EARL, DE ALMEIDA, AND KIDDER

face areas while higher specific surface areas and pore volumes are obtained with
non-linear linkers than with linear precursors (MA et al., 2012). Microporous ma-
terials for hydrogen storage and carbon dioxide capture have been formed through
the benzoin condensation of tris-benzaldehydes of various sizes (ZHAO et al., 2012).
Previous research suggests tetrahedral monomers prevent the close packing and struc-
tural collapse of polymers which help to ensure accessible surface areas and greater
pore volumes (L1 et al., 2014a,b).

Our approach for synthesizing new hydroxy-rich POF's expands upon reports of
a polymer formed from the reaction of phloroglucinol and terephthalaldehyde (KAT-
SOULIDIS AND KANATZIDIS, 2011). Polymers embedded with phloroglucinol and re-
sorcinol derivatives are attractive because the hydroxy groups within the POFs have
more favorable physical adsorption of gases like COgy through an enhanced dipole-
quadrupole interaction (GASSENSMITH et al., 2011). Few examples of porous POFs
containing a significant number of -OH groups have been reported. A study of a cyclic-
oligosaccharide Rb-MOF with intrinsic hydroxy groups suggests CO, chemisorbs to
-OH groups to form the observed carbonic acid at very low pressures (ca. 1 Torr)
(GASSENSMITH et al., 2011). A Zn-MOF with -OH groups incorporated in the or-
ganic linker has a reduced BET surface area but increased CO, uptake compared to
the Zn-MOF without the -OH functionality (LING et al., 2012).

In this work, the synthesis, characterization, and COs capture capacity of a series
of hydroxy-rich POFs made from rigid aryl monomers of various geometries and
sizes will be presented. The influence of monomer shape on the surface area, pore
diameter, pore volume, and COs capacity of these POF's will be addressed. Precursors
with resorcinol functionality provide the same benefits as phloroglucinol but with
expanded geometric and synthetic versatility.

2 Experimental

2.1 Materials

Phloroglucinol, terephthalaldehyde, tris(4-formylphenyl)amine, Pd(dppf)Cls - CHyCls,
4-formylphenylboronic acid, 3,5-dimethoxyphenylboronic acid, CDCl3, and (CD3),CO
were purchased from Sigma-Aldrich and used as received. 1,4-Dioxane dg was pur-
chased from Cambridge Isotope Laboratories. 5'-(3,5-Dihydroxyphenyl)-3,3",5,5"-
tetrahydroxy-1,1":3',1"-terphenyl,(CHAUMONT et al., 2013) tetrakis(3',5'-dihydroxy-
[1,1'-biphenyl]-4-yl)methane,(CHAUMONT et al., 2013) [1,1":3",1"-terphenyl]-4,4"-di-
carboxaldehyde(KUHNERT et al., 2005), 1,3,5-tris(4-bromophenyl)benzene, (SIMALOU
et al., 2014) and tetrakis(4-formylphenyl)methane(FOURNIER et al., 2003) were syn-
thesized according to literature procedures. The syntheses of tetrakis(4'-formyl-
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Porous HYDROXY-RICH POLYMERIC ORGANIC FRAMEWORKS 3

[1,1'-biphenyl]-4-yl)methane and 5'"-(3',5'-dihydroxy|[1,1'-biphenyl]-4-y1)-[1,1":4"1"":-
3", 114" 1" -quinquephenyl]-3,3""5,5"""-tetrol are described in the Supporting In-
formation.

2.2 Methods

'H and *C NMR solution state spectra were collected on a 9.4 T Bruker Avance spec-
trometer at 400 MHz and 100 MHz, respectively, and referenced to residual solvent
(*H: 7.27 ppm (CDCl3), 2.05 ppm ((CD3)2CO)); *C: 77.16 ppm (CDCl3), 29.92 ppm
((CD3),C0O)). 13C solid state NMR. spectra were collected on a 9.4 T Bruker Avance
spectrometer at 100 MHz with a 3.2 mm MAS probe spinning at 15 kHz. Chemical
shifts were referenced to the -CHj signal (17.5 ppm) of hexamethylbenzene. Dif-
fuse reflectance spectra were collected on a Cary 5000 UV-Vis-NIR spectrometer (0.1
sec scan™ !, 600 nm sec™!) equipped with Cary 5000 Internal Diffuse Reflectance ac-
cessory. Spectra are referenced to a polytetrafluoroethylene (PTFE) plate. FT-IR
spectra were collected on a Digilab FTS 7000 Series spectrometer (4 cm™! resolution,
32 scans) equipped with a diamond crystal ATR cell. Thermogravimetric analy-
ses were conducted with 10-15 mg sample on a TA Instruments Q5000 at a rate of
10 °C min~! under argon at a flow rate of 25 mL min~!. Scanning electron microscopy
(SEM) images were obtained on a Hitachi HF-2000 microscope with an accelerating
voltage of 8-16 keV. Nitrogen isotherms were measured on a Quantachrome Autosorb-
1 analyzer at 77 K. Samples (approximately 30 mg) were treated at 130 °C under
vacuum until the material had an outgas rate no greater than 15 ymHg min~—! (4-
16 hours). Brunauer-Emmett-Teller (BET) surface areas (SAggr) were obtained for
materials with values in the range of P/Py = 0.01 — 0.07 (microporous materials)
or P/Py = 0.10 — 0.20 (non-microporous materials) (BAE et al., 2010; ROUQUEROL
et al., 2007; THOMMES et al., 2015). These ranges were verified by plotting P/FPp vs.
V(1 — P/P,) and ensuring only values of P/F, below the maximum of V(1 — P/FP)
were used. Total pore volume (Viqa1) and pore size distributions were calculated from
a non-local density functional theory (NLDFT). A carbon equilibrium transition ker-
nel at 77 K based on a slit-pore model for pore widths < 20 A and a cylindrical-pore
model for pore widths > 20 A was used. The micropore volume (Vpicro) Was estimated
from the pore volume at P/P, = 0.18 which corresponds to pores with diameters less
than 20 A. Gravimetric CO, isotherms were obtained with a Hiden Analytical Intelli-
gent Gravimetric Analyzer. Samples were treated under vacuum at 130 °C overnight
prior to analysis.

Oak Ridge National Laboratory Report ORNL/TM-2016/179 pp. 1-35



4 EARL, DE ALMEIDA, AND KIDDER

2.3 POF synthesis

The details for each POF synthesis, including reagent amounts, solvent volume, and
yield, are located in Table A.1.

In a typical procedure for the synthesis of POFs 1A-1E, the phloroglucinol pre-
cursor 1 (0.40-4.0 mmol) and aldehyde precursor (A-E, 0.15-3.0 mmol) were dissolved
in anhydrous 1,4-dioxane (3-6 mL). The solution was stirred under argon at 70 °C for
one hour. The solution was transferred to a Teflon-lined reactor, flushed with argon,
sealed, and placed in a 220 °C oven. After four days, the reactor was removed from
the oven and cooled to room temperature. The solid was filtered, washed with THF
(4 x 10 mL) and dried in vacuo at 120 °C overnight (12-16 hours). A red, brown, or
black powder was recovered in 71-90 % yield.

In a typical procedure for the synthesis of POFs 2A-4E, the resorcinol precursor
(2-4, 0.13-0.58 mmol) and aldehyde precursor (A-E, 0.060-0.44 mmol) were dissolved
in anhydrous 1,4-dioxane (3-6 mL). The solution was transferred to a Teflon-lined
reactor, flushed with argon, sealed, and placed in a 220 °C oven. After four days,
the reactor was removed from the oven and cooled to room temperature. The solid
was filtered, washed with THF (4 x 10 mL), and dried in vacuo at 120 °C overnight
(12-16 hours). A red, brown, or black powder was recovered in 28-91 % yield.

3 Results and Discussion

Figure 3.1 shows the molecular structures of the monomers used in the syntheses of
hydroxy-rich polymeric organic frameworks. Precursors with linear (A), bent (C),
trigonal (1, 2, 3, B), and tetrahedral (4, D, E) geometries were chosen to see how
monomer geometry would affect the BET surface area, pore size distribution, pore
volume, and carbon capture capacity of the polymers. Additionally, monomers of
similar molecular shape but different size (e.g 2 versus 3, D versus E) were chosen
to observe the influence of extending the phenyl linkage on the surface area and pore
properties of the POF's.

Phloroglucinol (1) or resorcinol precursors (2-4) were reacted with aldehyde pre-
cursors A-E through electrophilic aromatic substitution and elimination of water to
form 20 various POFs (POFs 1A-4E), 18 of which are new in the literature. Scheme
3.1 shows an overview of the reaction to form the POFs using POF 1A as an ex-
ample. The monomers are heated at 70 °C for one hour and at 220 °C for 3-4 days.
Treating the solution at 220 °C completes the gelation and curing processes, and the
polymer formed is a porous powder.

When the mixture of phloroglucinol 1 and terephthalaldehyde A are stirred at
70 °C in 1,4-dioxane for one hour, molecules such as intermediate X (Scheme 3.1)

Oak Ridge National Laboratory Report ORNL/TM-2016/179 pp. 1-35
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Fig. 3.1: Molecular structures of phloroglucinol (1), resorcinol precursors (2-4), and
aldehyde precursors (A-E) used in the syntheses of POFs 1A-4E.
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Scheme 3.1: Monomers 1 and A form POF 1A wvia electrophilic aromatic substi-
tution and loss of water when treated at 220 °C.

are observed by NMR spectroscopy (see Figure B.1). Previous research suggests
heating the reaction mixture at 70 °C for one hour improves the yield and surface area
properties by “facilitating the mixing of monomers(KATSOULIDIS AND KANATZIDIS,
2011).” Interestingly, the formation of intermediate oligomers is not observed when
resorcinol precursors (2-4) are used instead of phloroglucinol (1).

Unsurprisingly, the prescribed pre-treatment with resorcinol precursors rather
than phloroglucinol at 70 °C does not propagate the formation of oligomers. In fact,
reaction mixtures containing 2-4 and benzaldehyde precursors do not generate a de-
tectable amount of oligomeric intermediates on the time frame of one hour until the
solution is brought to over 200 °C. Figure B.2 shows the 'H NMR spectrum of a re-
action mixture of 2 and A in dioxane-dg after treatment at 220 °C for one hour. The
reaction mixture does not appear to proceed along as far compared to the reaction
progress made with 1 and A at 70 °C (Figure B.1). A slow rate of polymerization
may help in the controlled microporous solids using structurally diverse monomers.

Equation 3.1 describes the reasoning behind the chosen stoichiometry for the
monomers in the POF syntheses. As an example, a molar ratio of 4:3 1:A is used
to ensure the full condensation of POF 1A occurs. To form the trityl carbon in
POF 1A (intermediate Y, Scheme 3.1), every carbonyl carbon of A reacts with
two nucleophilic carbon centers provided by 1. Therefore, for every mole of A (which
contains two moles of aldehyde), % moles (which contains four moles of carbon centers)

Oak Ridge National Laboratory Report ORNL/TM-2016/179 pp. 1-35



Porous HYDROXY-RICH POLYMERIC ORGANIC FRAMEWORKS 7

of 1 are required to form a fully condensed polymer POF 1A.

mole 1-4 2 x # aldehydes in A-E
mole A-E # sites in 1-4

The ratio of the monomers in the syntheses of POFs 2A-4E was adjusted such
that one available carbon site of the resorcinol moiety (preferably the para position)
would react with an aldehyde. This was chosen in part to reduce steric crowding
around the hydroxy groups and to form interconnected and structurally robust poly-
mers with greater free volume than the POF 1A-1E. Looking at Equation 3.1, a
value of 3 is used for the number of sites in 2 and 3 and a value of 4 is used for the
number of sites in 4.

The amorphous POF's were characterized using a suite of spectroscopic, thermo-
metric, and imaging techniques. '3C solid state NMR spectra (see Figure B.3) of
the polymers verifies the materials are fully condensed. Figure 3.2 shows the 3C
solid state NMR spectral assignments of POF 4A as an example of what chemi-
cal shifts belong to what chemical features of the polymer. There is evidence for
a minimal amount of unreacted aldehyde (ca. 192 ppm), and no peaks are present
that could be assigned to a secondary alcohol intermediate (ca. 71 ppm). Carbons
next to hydroxy groups have resonances at 153-156 ppm for both the phloroglucinol
and resorcinol moieties. Aromatic C-H carbons not in close proximity to hydroxy
groups have resonances at 128-130 ppm. Unsubstituted ortho and para carbons of
the resorcinol moieties have chemical shifts at 103-108 ppm, while substituted sites
have '3C resonances at 110-115 ppm. The quaternary carbon peak at 65 ppm is
found in POFs containing precursors 4, D, and E. The trityl carbon peak at 35 ppm
is broad but also has distinct features. This suggests the carbon center exists in
multiple chemical environments and conformations. Although the POFs were dried
before analysis, trapped residual solvent is present in the NMR spectra of some of
the polymers (1,4-dioxane: 67 ppm; THF: 25 ppm, 68 ppm).

The infrared spectra of the POFs (Figure B.4) shows the characteristic aldehyde
C=0 stretch near 1700 cm™! is either weak or not present. The aldehyde peak is
more apparent in polymers containing precursor E. Broad features at 3000-3500 cm ™t
are assigned to weakly hydrogen bonded hydroxy groups while aromatic -OH out of
plane deformations are found at 600-680 cmm~t. The strong peaks at 800-850 cm ™!
are assigned to C-H vibrations of para-disubstituted and 1,3,5-trisubstituted benzene
units, and peaks at 700-710 cm~! found in the spectra containing precursor C are
assigned to meta-disubstituted benzene units. All of the POFs have stretches at
1150-1220 cm~! that are indicative of phenolic C-O stretching, and POFs containing
tertiary amine B display a C-N stretch at 1315-1325 cm™!.

Thermogravimetric analyses (Figure B.5) were conducted to determine the ther-
mal stability of the POFs. The polymers are quite resilient; they are thermally stable

(3.1)

Oak Ridge National Laboratory Report ORNL/TM-2016/179 pp. 1-35
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200 150 100 50 0
Chemical shift (ppm)

Fig. 3.2: Assignment of the 13C NMR resonances in POF 4 A. The molecular struc-
ture shown is a proposed fragment that highlights both fully condensed and unreacted
aldehyde features.
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Porous HYDROXY-RICH POLYMERIC ORGANIC FRAMEWORKS 9

up to 350-400 °C. At least half of the POF mass remains after being heated to 800 °C
under argon. The weight loss at temperatures below 150 °C is assigned to the loss
of residual solvent trapped within the materials’ pores and adsorbed atmospheric
water vapor. An extended three-dimensional structure and high degree of polymer
cross-linking causes the superior thermal stability of the polymers.

The UV-Vis-NIR diffuse reflectance spectra of the POFs is shown in Figure B.6.
The material absorbs strongly in the UV region, and additional electronic structure is
present at 500 nm in POFs 1A, 2A, and 4C. NIR absorption tails off at wavelengths
greater than 800 nm. The conjugated aryl backbone causes the polymers to have
colors ranging in shades of red or brown, and black for polymers that include nitrogen-
containing precursor B.

SEM imaging of the synthesized POFs (Figure B.7-B.10) shows most of the poly-
mers are semi-regular 1-3 pum particles. Particles of POF 3C span both the 1-3 pum
and 10-20 pum regime. POFs containing precursor E are fibrous and are of similar
to the morphology of the tetraaldehyde starting material, though POFs 1E and 4E
have a mixed fibrous-nodule morphology. In POF 1E, there is a mixture of fibers
and interspersed spherical microparticles whereas in POF 4E, nodules are embedded
in the fibers. While no correlation between the polymer’s particle size and micro- or
mesoporosity has been found in resorcinol-formaldehyde aerogels (a class of materials
similar to POFs 1A-4E),(HORIKAWA et al., 2004) the fiber morphology of polymers
containing E suggests the monomer may never fully dissolve in the reaction solution.
Additionally, spectroscopic evidence (IR and NMR, vide supra) exists for a prevalence
of unreacted aldehyde in POFs made of monomer E which further supports that the
solubility of E influences the macroscopic structure of POFs 1E-4E.

3.1 Surface Area and CO, Capture Properties

Pore volume, pore size distribution, and accessible surface area are important metrics
for carbon dioxide physiosorption and other potential applications of POFs. Nitro-
gen adsorption and desorption isotherms were collected for POFs 1A-4E between
P/Py = 107 — 1 at 77 K (Figure 3.3). Most of the POFs have nitrogen isotherms
with varying ultra-microporous (pore diameter < 7 A), microporous (< 20 A), and
mesoporous (20-500 A) contributions and modest (400-1300 m? g~') surface areas for
amorphous organic polymers. Few of the POFs are non-porous, namely POFs 2C,
3A, 3C, and 3D, and only exhibit weak adsorbent-adsorbate interactions. The low
surface areas and lack of porosity in these POFs can be attributed to a number of
factors: m-stacking of the polymer forms pores that are too small to detect by Ng
adsorption at 77 K, severe structural collapse transpired upon solvent removal, or
geometric and size mismatching of the organic monomers occurred.

Oak Ridge National Laboratory Report ORNL/TM-2016/179 pp. 1-35
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Fig. 3.3: Nitrogen isotherms at 77 K for POFs a) 1A-1E; b) 2A-2E; ¢) 3A-3E; d)
JA-4E.
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The total pore volume (Via1) and pore size distributions (Figure 3.4) were cal-
culated from the Ny isotherms using a carbon equilibrium slit/cylindrical model of
non-local density functional theory (NLDFT) and are summarized in Table 3.1. The
POF's with the highest surface areas and pore volumes have predominant pore sizes
of 6-7 A as well as 11-13 A.

The influence of extending the monomer size by additional of a phenyl linkage
unit on the surface area and pore volumes of the POFs is apparent. One instance
of this is the comparison of triresorcinols 2 and 3 where 3 has the extended phenyl
linkage. Polymers containing precursor 3 have lower yields and lower surface area
properties compared to polymers containing precursor 2. In fact, the only material in
POF 3A-3E to have any appreciable BET surface area or micropore volume is POF
3B whereas POFs 2A, 2B, and 2D and 2E all have moderate BET surface areas
and micropore volumes. The larger size of precursor 3 compared to precursor 2 could
result in more opportunities for interpenetration or w-stacking of the polymer. In
addition, shifts in the predominant pore diameter occur; for a given aldehyde series,
either the predominant pore diameter increases or more pore volume is found for larger
pore diameters across the series of 1-3. Concomitant with the shift in pore diameter,
a decrease in total pore volume occurs in the series 1-3. This trend is consistent
with other reports on the influence of changing monomer strut size on BET surface
area, pore diameter, and pore volume (JIANG et al., 2008). The pore volumes for
POF's containing 4 are larger because the tetrahedral monomer provides structural
rigidity and fewer opportunities for interpenetration or m-stacking compared to the
more planar monomers.

Whereas lower surface area properties were anticipated for 3 when comparing
2 versus 3, the tetrahedral geometry of D and E is expected to be less sensitive to
phenyl linkage expansion. The tetrahedral units should be less prone to phenyl-phenyl
stacking that reduces the BET surface area and pore volume of the POFs. Indeed,
the trend observed when looking at POFs containing 2 versus 3 does not translate
to the comparison of POF's that contain D versus E. POFs 2D, 3D, and 4D have
higher BET surface areas than POF's 2E, 3E, and 4E, respectively, while POF 1E
has a larger surface area than POF 1D. However, a larger percentage of the total
pore volume is microporous for POF 1D compared to POF 1E. The size matching
of 1 and D is higher than that of 1 and E for ensuring a predominantly microporous
material.

POFs containing the bent dialdehyde C have generally low surface areas and pore
volumes. The moderate surface area properties of POF 4C are attributed to the
geometry of precursor 4 and size matching of the 4C precursor combination.

Looking at the summary of the surface area and pore volume properties of POF's
1A-4E in Table 3.1, the hypothesis that tetrahedral geometry is beneficial for making
microporous materials and prohibiting interactions that reduce polymer surface area
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(PEI et al., 2014; STOCKEL et al., 2009; YUAN et al., 2011; ZHAO et al., 2012)
has been upheld. Additionally, the polymer architecture is sensitive to well-matched
monomer size and complimentary geometries.

Gravimetric carbon dioxide isotherms were collected at 298 K for POFs 1A-4E
and are shown in Figure B.11. The carbon dioxide uptake varies widely among this
series of polymers from 1.0-9.0 % at 298 K and 1 bar. Accessible -OH groups of
the phloroglucinol and resorcinol moieties were hypothesized to be advantageous for
improved CO, capture through enhanced van der Waals (dipole-quadrupole) interac-
tion compared to analogous materials without hydroxy groups (LING et al., 2012). In
addition, polymeric hydrogen bonding interactions may form additional microporous
cavities that are suitable for low pressure CO, capture.

A summary of the CO5y uptake at 298 K and 1 bar is given in Table 3.1. There
are no significant correlations between the CO5 uptake at 298 K and 1 bar and the
N, surface area, micropore volume, or total pore volume of the POFs. For example,
POF 2B and POF 2D both have similar micropore volumes. However, POF 2B
has nearly twice the carbon dioxide capture capacity as POF 2D at 298 K and 1 bar.
Similarly, POF 4D has 3.5 times the micropore volume as POF 2E, yet POF 2E
has a larger CO, capture capacity compared to POF 4D, the POF with the largest
micropore volume and BET surface area in the series. That said, the best performing
materials (POF 1D, POF 2B, POF 3B, and POF 4A) have at non-trivial amount
of micropore volume as measured by Ny adsorption at 77 K. Accessible pore volume
suitable for CO4 capture may exist but cannot be detected by adsorption of Nj.

The isosteric heat of adsorption (Qs;) was measured for selected polymers to deter-
mine how well COy “sticks” to the material. Using the Clausius-Clapeyron equation:

Pl_Qstl 1

1HF2 =5 (,172 — 771) (3.2)

where P is pressure, R is the gas constant, and T is temperature, values of Q)4 for
POFs 1A, 2A, and 2B were determined from Equation 3.2 and gravimetric COq
capture values at 273 K and 298 K (Figure 3.5). These values are shown in Table 3.2
and indicate physisorption is the dominant adsorption mechanism while the increase
in Q4 at lower CO; loadings suggests enhanced physical adsorption within micropores
occurs. The tertiary amine of B was anticipated to improve CO, capture through a
minor chemisorptive contribution. However, this is not suggested by the Q)5 of POF
2B compared to POF 1A or POF 2A at 1.0 wt. % loading.

As suggested by Snurr and coworkers (WILMER et al., 2012), materials with pore
diameters no larger than 6 A, surface areas 1000-2000 m? g—!, and heats of adsorption
around 30 kJ mol~! are best for flue gas adsorbents. Beyond these inexact parameters,
there is no a priori knowledge to suggest there should be a correlation between carbon
capture capacity and the subtle geometric and chemical differences of the polymers
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Table 3.2: Qg (kJ mol™') at various COy loadings (wt. %) for POFs 1A, 2A, and

2B. Values of Qg are calculated from Figure 3.5 and Equation 3.2.

Qs (LOwt. %) | Qs (2.2 wt. %) | Qs (5.6 wt. %)
POF 1A 39.1 37.0 33.2
POF 2A 46.4 33.2 28.2
POF 2B 40.2 31.9 31.0

presented in this work. Other adsorbent evaluation criteria such as regenerability,
working capacity, and selectively vary for carbon capture applications and are also
only loosely associated with pore property and chemical functionality. However, this
first generation of phloroglucinol and resorcinol POF materials are in or near the
range of the above criteria for desired carbon capture materials.

4 Conclusions

New porous polymeric organic frameworks made from monomers rich in hydroxy
groups have been synthesized and fully characterized. We have shown that a synthesis
procedure prescribed for the synthesis of phloroglucinol POFs can be extended to
resorcinol monomers without the inclusion of acid or base catalysts as required for
synthesizing resorcinol-formaldehyde aerogels. Because the exact extended structures
of these materials are unknown, it is difficult to correlate the interplay of metrics such
as accessible pore volume and chemical functionality (e.g. number of hydroxy groups)
to COy capture capacity. However, this systematic study of polymers containing
monomers of various sizes and geometries indicates POF's are incredibly sensitive to
the physical structure of the monomer as well as the pairing of co-monomers. We
have further confirmed that precursors of particular molecular design perform better
than others, in particular those with tetrahedral centers and co-monomers that are
well-matched in size. POF's containing resorcinol derivatives perform as well as if not
better than the phloroglucinol analogs, and the resorcinol moiety contains a wealth
of synthetic and structural tunability.

For the first time, the systematic investigation of the influence of monomer design
on POFs made from tri- and tetraresorcinols and benzaldehydes has been reported.
The ease of synthesis and favorable surface areas make this class of resorcinol POFs
promising materials for future exploration of applications in addition to COq capture.
Current efforts are underway exploring the post-synthetic modification of phlorogluci-
nol and resorcinol POF's for improved CO, capture capacity and pore size modulation.
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Fig. 3.5: Gravimetric COy adsorption (filled trace) and desorption (open trace) for
POF 1A (black), POF 2A (blue), and POF 2B (red) at 273 K (square) and 298 K

(circle).
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A Appendix: Synthetic details
Tetrakis(4'-formyl-[1,1'-biphenyl]-4-yl)methane (E):

A deoxygenated solution of 1 M NayCO3 (20 mL) was transferred via syringe
to a degassed suspension of tetrakis(4-bromophenyl)methane (1.00 g, 1.57 mmol),
4-formylphenylboronic acid (1.13 g, 7.53 mmol), and Pd(dppf)Cl, - CH,Cl, (0.151 g,
0.183 mmol) in 1:1 toluene/methanol (50 mL). The mixture was refluxed for 48 hours.
After cooling to room temperature, the reaction mixture was extracted with CH,Cly
(5 x 40 mL). The organic layers were combined, dried over MgSQy, filtered, and evap-
orated to dryness. The crude product was precipitated from hot DMF to give the
title compound as a white solid in 62 % yield. '"H NMR, (400 MHz, CDCl3): ¢ 10.06
(s, 4H), 7.96 (d, J = 8 Hz, 8H), 7.79 (d, J = 8 Hz, 8H), 7.63 (d, J = 8 Hz, 8H), 7.47
(d, J = 8 Hz, 8H) '3C NMR (100 MHz, CDCly): & 191.7, 146.6, 146.3, 137.4, 135.2,
131.5, 130.2, 127.4, 126.6, 64.3.

5"-(3",5'-Dimethoxy|[1,1'-biphenyl]-4-y1)-3,3'""" 5,5"""-tetramethoxy-1,1":4",1"":3" /1""":4"" 1'""'-
quinquephenyl:

A deoxygenated solution of 1 M Nay;COj3 (20 mL) was transferred via syringe to
a degassed suspension of 1,3,5-tris(4-bromophenyl)benzene (0.50 g, 0.92 mmol), 3,5-
dimethoxyphenylboronic acid (0.60 g, 3.3 mmol), and Pd(dppf)Cl,; - CHyCl, (0.064 g,
0.078 mmol) in 2:1 toluene/methanol (60 mL). The mixture was refluxed for 40 hours.
After cooling to room temperature, the reaction mixture rotary evaporated to re-
move most of the toluene/methanol solvent mixture. The residue was extracted with
CH,Cly (3 x 20 mL). The organic layers were combined, dried over MgSQy, filtered,
and evaporated to dryness. The crude product was purified via column chromatog-
raphy on silica with 4:1 CHyCl,/hexanes as the eluent to give a white solid in 66 %
yield. '"H NMR, (400 MHz, CDCl3): ¢ 7.90 (s, 3H), 7.81 (d, J = 8.4 Hz, 6H), 7.73 (d,
J = 8.0 Hz, 6H), 6.83 (d, J = 2.4 Hz, 6H), 6.52 (t, J = 2.4 Hz, 3H), 3.89 (s, 18H).
13C NMR (100 MHz, CDCl3): 6 161.1, 142.9, 142.0, 140.5, 140.3, 127.7, 125.0, 105.4,
99.4, 55.4.

5"-(3',5'-Dihydroxy[1,1'-biphenyl]-4-y1)-[1,1":4",1"":3" 1"":4"" 1'""'-quinquephenyl]-3,3'"",5,5"""-
tetrol (3):

BBr; (1 M in CH,Cly, 3.3 mL) was added dropwise to a -80 °C solution of 5'"'-(3',5'-
dimethoxy[1,1'-biphenyl]-4-y1)-3,3"" 55" ""-tetramethoxy-1,1":4' 1'":3" 1'"":4"" 1"""-quinque-
phenyl (0.34 g, 0.47 mmol) in anhydrous CH2Cl, (15 mL). The mixture was allowed to
warm to room temperature overnight. Deionized water (10 mL) was added slowly fol-
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lowed by 1 M NaOH until a biphasic solution with no discernible solids had formed.
The aqueous layer was collected, and the organic layer was extracted with 0.1 M
NaOH (2 x 10 mL). 2 M HCI was added to the combined aqueous layers until a
precipitate formed. The suspension was filtered, washed with water (3 x 15 mL),
and dried in vacuo at 70 °C to afford a light brown solid in 93 % yield. 'H NMR
(400 MHz, (CD3),CO): ¢ 8.38 (s, 6H), 8.04 (s, 3H), 7.97 (d, J = 8.4 Hz, 6H), 7.74
(d, J = 8.4 Hz, 6H), 6.72 (d, J = 2.4 Hz, 6H), 6.41 (t, J = 2.4 Hz, 3H). *C NMR
(100 MHz, (CD3)»CO): § 160.0, 143.6, 142.9, 141.5, 140.8, 128.6, 128.2, 125.4, 106.4,
102.8.
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B Appendix: Characterization results

NMR spectra, infrared spectra, TGA traces, UV-Vis-NIR diffuse reflectance spectra,
SEM images, and gravimetric CO, isotherms.
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Fig. B.2: 'H NMR spectra of 2 and A in 1,4-diozane-dg before (red) and after (black)
treatment at 220 C for one hour in a sealed vessel. Spectra were collected at room
temperature.
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Fig. B.3: Solid state *C NMR of POFs a) 1A-1E; b) 2A-2E; c) 3A-3E; d) 4A-JE.
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Fig. B.4: Infrared spectra for POFs a) 1A-1E; b) 2A-2E; ¢) 3A-3E; d) JA-4E.
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Fig. B.5: Thermogravimetric analysis traces for POFs a) 1A-1E; b) 2A-2E; ¢) 3A-

3E: d) JA-JE.
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Fig. B.6: Diffuse reflectance traces for POFs a) 1A-1E; b) 2A-2E; ¢) 3A-3E; d)

JA-JE.
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Fig. B.7: SEM images of POFs 1A-E.
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Fig. B.8: SEM images of POFs 2A-F.
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Fig. B.9: SEM images of POFs 3A-FE.
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Fig. B.10: SEM images of POFs 4A-E.

Oak Ridge National Laboratory Report ORNL/TM-2016/179 pp. 1-35



Porous HyDROXY-RICH POLYMERIC ORGANIC FRAMEWORKS 31

a) b)

10 10

X [ ——POFIA X

£ [ ——POFIB £

& 8 —e— POF 1C oo 8

g | —e— POF 1D g

Z | —— POF1E N2

o T o o

=5 =5

S T S T

+ 3 -~ +

g =Rl

N - 2l -

o o |}

O 2 (OFy]
0 R BN SN SN BN T B e R R T B
0 200 400 600 800 1000 0 200 400 600 800 1000

Pressure (mbar) Pressure (mbar)

c) d)

10 1o

X [ ——POF3A X [ ——POF4A

£ | —— POF3B £ | —— POF4B

o0 8 —e— POF 3C o0 83 —e— POF 4C

g g | —e— POF 4D

N2 Z | —— POF4E

o o o T

=5 =5

S T S T

+ 3 + +

% 4 | g“ 4 -

o - 2l -

o o I

(OFy] O 2
0 E " " " " " " " " " " " " " " 3 0 E n N n " 1 " " " 1 " " " 1 " " " 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Pressure (mbar) Pressure (mbar)

Fig. B.11: Carbon diozxide isotherms at 298 K for POFs a) 1A-1E; b) 2A-2E; c)
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